In this paper, we describe a physiological preparation with which to investigate the properties of these synapses. We show that activation of a DE neuron can excite a VI neuron producing inhibition in ventral muscle cells shortly after dorsal muscle cells are excited, thus mediating reciprocity between dorsal and ventral muscles. Each VI dendrite receives input from four or five DE neurons; activation of any one of these DE neurons is sufficient to activate the VI neuron.
In this paper, we describe a physiological preparation with which to investigate the properties of these synapses. We show that activation of a DE neuron can excite a VI neuron producing inhibition in ventral muscle cells shortly after dorsal muscle cells are excited, thus mediating reciprocity between dorsal and ventral muscles. Each VI dendrite receives input from four or five DE neurons; activation of any one of these DE neurons is sufficient to activate the VI neuron.
The somatic musculature of Ascaris lumhricoides consists of dorsal and ventral sheets of muscle cells which are separated by the lateral lines. Each muscle sheet is separately innervated by processes of motoneurons in the dorsal and ventral nerve cords, respectively.
We have previously shown that the nerve cords contain seven different, anatomically defined classes of motoneurons (Stretton et al., 1978) . The cell bodies of motoneurons are distributed along the length of the ventral nerve cord in a repeating pattern. Each repeating unit or segment contains a basic set of 11 neurons and includes one copy of neuron types DE2, DE3, and DI, and two copies of neuron types DEl, VI, V-l, and V-2 (Fig. 2 in Walrond et al., 1985) . All motoneurons have a process in the ventral nerve cord. Five of the seven classes of motoneurons send individual neuron processes around the body wall and into the dorsal cord. These ventrodorsal processes are called commissures (a term which is of long-standing usage in the nematode literature (Hesse, 1892; Bullock and Horridge, 1965) ). In the previous paper (Walrond et al., 1985) we used a dissected preparation in which dorsal The results show that the DE-to-VI synapses are indeed excitatory. We also examine the pattern of connectivity Vol. 5, No. 1, Jan. 1985 between each type of dorsal excitor and the inhibitory dendrites and show that each DE neuron excites several VI dendrites. These results provide a physiological map of the region of reciprocal inhibition in the ventral musculature controlled by each type of DE motoneuron.
A preliminary report of these findings has appeared (Walrond et al., 1978) .
Materials and Methods
The 
Results

In preparations
where the dorsal and ventral nerve cords remained connected by the commissures of two motoneurons, one a dorsal excitor and the other a ventral inhibitor, stimulation of the excitor evoked a depolarizing potential in the dorsal musculature followed, after a delay, by a hyperpolarizing potential in the ventral musculature. Activation of DEl, DE2, or DE3 neurons evoked similar responses (Figs. 4 to 6 The specificity of these connections was investigated in preparations where various combinations of DE and VI neurons remained intact (Table I) . From the results of these experiments we constructed neuronal maps (Figs. 7,9, and 11) which show the synaptic interactions between the DE and VI motoneurons.
Each DE1 neuron excites two VI neurons, the one with which it enters the dorsal cord and the next anterior VI neuron (Fig. 7) ; the second DE1 neuron in a segment drives both the VI' and the VI2 neurons of the same segment, whereas the first DE1 neuron in a segment drives the VI' neuron of the same segment as well as the VI* neuron located in the next anterior segment.
Synaptically activated ventral hyperpolarizations were similar to hyperpolarizations evoked by the direct electrical activation of the VI dorsal dendrite (Walrond et al., 1985) . Trains of stimulating pulses generally elicited larger ventral hyperpolarizing responses than did single pulses.
To ensure that both dorsal and ventral evoked responses do indeed depend on the DE-to-VI synapse, rather than being produced by current spread from the stimulating electrode, in many experiments we cut one of the two intact commissures while recording the evoked responses (Table I) . Cutting the commissure of the dorsal excitor eliminated both the dorsal depolarizing response and the ventral hyperpolarizing response.
The DE1 motoneuron enters the dorsal cord and projects anteriorly, overlapping the dendrites of three, and sometimes four, VI dendrites.
Anatomical studies have shown that this dorsal process can be divided into two distinct regions. The region proximal to the commissure makes numerous neuromuscular synapses and overlaps the processes of two VI dendrites. Anterior to this there is a region where neuromuscular synapses are rare (A. 0. W. Stretton, R. M. Fishpool, E. Southgate, and J. E. Donmoyer, unpublished observation). This anterior portion overlaps a third, and sometimes a fourth, VI dendrite. In order to test whether DE1 neurons make functional connections that activate these more anterior VI neurons, experiments were performed in preparations where four commissures remained intact (Fig. 8) . As expected, the DEl:l neuron activated the VIP neuron, and the DE1fl neuron activated the VI:, neuron. However, when stimulating the DEl$ neuron, we failed to observe activity in the VI: neuron even when signal averaging was used to detect weak signals. We therefore conclude that the DE1 neurons activate only those VI dendrites lying within their neuromuscular output region. Stimulating the DE2 neuron in preparations containing various intact VI neurons produced a map of synaptic interactions between these two neuron types (Fig. 9) . Stimulating the DE2 neurons of the first or second segments produced ventral hyperpolarizations when either of the next two posterior VI neurons (VP and VI* of the next posterior segment) remained intact. In two of five experiments, DE21 activated a third VI neuron (VI&I); although this response was weak, it was clearly revealed using signal averaging. No activation of the VI& was observed.
The axon of the DE2 neuron overlaps with the posterior limb of the next more anteriorly located VI2 neuron. Experiments designed to investigate the possible interactions between these two neurons employed preparations containing four intact commissural neurons (Fig. 10) . The ventral activation of the DE2 neuron failed to produce ventral hyperpolarizations through the more anterior VI neuron.
Experiments employing combinations of DE3 and VI neurons revealed that the ventral activation of a DE3 neuron evoked ventral hyperpolarizing potentials through the VI* neuron of the same segment (Fig. 11) . Interactions between the DE3 neuron and the first VI neuron of the same segment were observed only once in five experiments.
Since synapses from DE3 onto VI' have been observed by electron microscopy, the reasons why the DE3 neuron failed to drive this VI neuron consistently remain obscure. In general, the DE3 neurons are more difficult to activate than are the other excitors, and activation of the DE3 neuron frequently failed to evoke responses from muscle cells in the more anterior portion of its neuromuscular output region.
Discussion
In the experiments described in this paper, activity in excitatory and inhibitory motoneurons of the nematode Ascaris lumbricoides has been monitored by recording from the muscle cells they innervate.
We show that stimulating single DE motoneurons evokes not only depolarizing responses in dorsal muscle cells but also hyperpolarizing responses in ventral muscle cells. As we reported in the preceding paper (Walrond et al., 1985) , the depolarizing responses are excitatory, producing action potentials in muscle, whereas the hyperpolarizing responses are inhibitory, suppressing spontaneous muscle action potentials.
The The first VI neuron in each segment is activated by two DE1 neurons, one or two DE2 neurons (the input from the more anteriorly situated DE2 neuron is variable and weak), and zero or one DE3 neuron. The second VI neuron in each segment is activated by two DE1 neurons, one DE2 motoneuron, and one DE3 neuron (Fig. 12 ). All of these synaptic connections have been observed by electron microscopy, with the exception of the contacts between the DE1 and VI neurons which enter the dorsal nerve cord together (i.e., the DEl'-to-VP and the DEl'-to-VI2 contacts). Synapses between DE3 and VI' neurons have also been observed by electron microscopy, yet we found physiological activity due to this synapse in only one of five experiments. This variability might reflect differences in synaptic strength or frequency in different animals. Since the DE3 neurons frequently fail to activate muscles in the anterior part of their neuromuscular output zones (Walrond and Stretton, 1985) , we believe that a more likely explanation is that activity in the DE3 axon often fails to propagate into its more anterior regions. Whether these effects are intrinsic to the DE3 neuron or simply reflect our inability to activate it properly remains to be elucidated.
The mapping experiments also eliminate the formal possibility that VI dendrites can be excited by active muscle cells. Even though evoked excitatory activity in muscle cells may spread outside of the output region of a stimulated motoneuron through the electrical synapses between muscle cells (Walrond and Stretton, 1985) , each DE neuron excites only those VI dendrites that lie within its output region (i.e., the region where it makes neuromuscular synapses). Ultrastructural studies have revealed rare synapses between two DE neurons. However, experiments described in this paper and others presented in the following paper (Walrond and Stretton, 1985) The VI:, neuron receives synaptic input from two DE1 neurons, one DE2 neuron, and one DE3 neuron.
Nematode locomotory behavior consists of propagated waves of contraction in the ventrodorsal plane (Crofton, 1966) . The synaptic interactions described in this paper provide a system that mediates reciprocity between dorsal and ventral muscles, so that a neuronally evoked dorsal contraction is complemented by neuronally evoked ventral inhibition. The region of a dorsally activated muscle is opposite the ventrally inhibited region. Under this system, the animal can throw a specific region of
